Contraction of striated muscle results from a rise in cytoplasmic calcium concentration in a process termed excitation/contraction coupling. Most of this calcium moves back and forth across the sarcoplasmic-reticulum membrane in cycles of contraction and relaxation. The channel responsible for release from the sarcoplasmic reticulum is the ryanodine receptor, whereas Ca 21 -ATPase effects reuptake in an ATP-dependent manner. The structures of these two molecules have been studied by cryoelectron microscopy, with helical crystals in the case of Ca 21 -ATPase and as isolated tetramers in the case of ryanodine receptor. Structures of Ca 21 -ATPase at 8-A Ê resolution reveal the packing of transmembrane helices and have allowed fitting of a putative ATP-binding domain among the cytoplasmic densities. Comparison of ATPases in different conformations gives hints about the conformational changes that accompany the reaction cycle. Structures of ryanodine receptor at 30-A Ê resolution reveal a multitude of isolated domains in the cytoplasmic portion, as well as a distinct transmembrane assembly. Binding sites for various protein ligands have been determined and conformational changes induced by ATP, calcium and ryanodine have been characterized. Both molecules appear to use large conformational changes to couple interactions in their cytoplasmic domains with calcium transport through their membrane domains, and future studies at higher resolution will focus on the mechanisms for this coupling.
Contraction of striated muscle provides one of the best studied examples of calcium signaling. The sarcoplasmic reticulum (SR) is the storage site for the bulk of the calcium and its transport across the SR membrane is managed by two molecules: the ryanodine receptor (RyR) and Ca 21 -ATPase. Initially, the signal for calcium release from the SR begins with a depolarization of the cell membrane, which travels into a specialized invagination in this membrane, called the T-tubule. There, voltage-sensitive calcium channels (known alternatively as L-type channels or the dihydropyridine receptor) open and allow small amounts of calcium into the cell. This does not raise intracellular calcium concentrations sufficiently for contraction; rather, the primary role of these L-type calcium channels is to open the RyR, either singly or as small groups. Such discrete openings give rise to localized regions of calcium release, which have been observed and quantified by confocal imaging and dubbed calcium sparks. In cardiac muscle, L-type channels facilitate transport of small amounts of extracellular calcium, which induce nearby RyRs to open by a mechanism termed calcium-induced calcium release. However, in skeletal muscle there is evidence for a physical interaction between the L-type channels and RyRs across the small gap between the plasma membrane and the adjacent SR membrane. Indeed, these macromolecular units of calcium release, consisting of L-type channels of the T-tubule and RyRs of the SR, are spatially organized and visible by electron microscopy either in situ or in isolated vesicle preparations as so-called triad junctions. The sum of a great many calcium sparks, the corresponding chemical unit of calcium release, is the macroscopic rise in calcium concentration that activates muscle contraction.
Unlike release, calcium reuptake into the SR is constitutively active and requires coupling of the energy of ATP hydrolysis to calcium transport. This is accomplished by Ca 21 -ATPase, which generates a thousandfold concentration gradient of calcium across the SR in resting muscle. At the molecular level, this pumping is < 10 5 times slower than release, reflecting the mechanical constraints of energy coupling. In particular, two calcium ions are transported into the SR and two protons are expelled for each ATP hydrolyzed. Other poorly characterized transport molecules in the SR, such as anion exchangers, prevent the build up of electrical potential across the SR membrane. The cell makes up for the relatively slow reaction cycle by providing a vast number of calcium pumps, which literally cover the large surface of SR between triad junctions. It has been estimated that the number of Ca 21 -ATPase molecules are roughly equal to the number of calcium ions released for a single muscle twitch and one can therefore imagine each Ca 21 -ATPase undergoing, on average, a single cycle of transport to effect muscle relaxation.
-ATPase is a member of the family of P-type ATPases, most of which couple ATP hydrolysis to cation transport [1] . This family was originally distinguished by its enzymology; that is, by the transient phosphorylation of an aspartate during the reaction cycle and by the inhibitory characteristics of vanadate. As gene sequences emerged, a high degree of homology was found near the phosphorylated aspartate and at several other key places in the cytoplasmic portion of the molecule [2] . In addition, a consistent pattern of hydrophobicity suggested a conserved transmembrane topology (Fig. 1A) although this pattern was variably interpreted to indicate the presence of 8 or 10 transmembrane helices. Ca 21 -ATPases were divided into two subfamilies, those found in plasma membranes (PMCA) and those found in either sarcoplasmic or endoplasmic reticulum membranes (SERCA). Spectroscopic analysis as well as chemical cross-linking have been extensively used to identify regions of the protein involved in the binding and hydrolysis of ATP [3] . More recently, site-directed mutagenesis of the best studied family members (SERCAs, PMCAs, Na
-ATPase, Escherichia coli Kdp) has examined the roles of individual residues in various steps of the reaction cycle. This mutagenesis has been most successful for SERCA1 (isoform found in skeletal muscle), in part because it is subjected to relatively little intracellular processing before insertion into the SR or ER membrane. Thus, residues have been classified according to whether they primarily affect calcium transport, phosphorylation, or the coupling of these two functions, which according to spectroscopic studies are separated by < 40 A Ê [4] . In particular, the calcium-binding sites are formed by acidic and hydrophilic residues in the middle of transmembrane helices 4, 5, 6 and, possibly, 8, whereas ATP binding and phosphorylation occur well above the cytoplasmic surface of the membrane.
In addition to the molecular architecture of these binding sites, the nature of the conformational changes thought to couple these two sites is a central issue in understanding the function of these pumps [3, 5] . In particular, the binding of calcium to transmembrane sites is known to activate the nucleotide site for phosphorylation. In a subsequent step, the energy of the phosphoenzyme is used to transport the calcium ions, a process that involves dramatically lowering the affinity at the calcium sites and reorienting the accessibility of these sites from the cytoplasmic to the lumenal side of the membrane.
F U N C T I O N O F R y R
Two families of calcium-release channels have been extensively characterized, the RyRs and the inositol 1,4,5-trisphosphate -ATPase from tubular crystals [21] , which is thought to represent the E 2 conformation. Transmembrane and stalk helices are shown as yellow and cyan cylinders, respectively. The dehalogenase fold has been fitted into a domain above the stalk [26] , which places ATP (yellow stick model) at a site consistent with the experimentally determined location of CrATP. The putative site of the crystallization agent, decavanadate (V 10 ), is colored purple. (C) Hypothetical structure for the E 1 conformation. This structure is a hybrid of the cytoplasmic domains of H 1 -ATPase, believed to be in the E 1 conformation [23] , and the transmembrane/stalk portions of Ca 21 -ATPase as shown in (B). The main effects of the conformational change are a separation of the cytoplasmic nose from the main cytoplasmic domains and a 20 8 tilt of the dehalogenase domain [24] .
receptors (InsP 3 Rs). Although RyRs are the major calciumrelease channels in striated muscle, InsP 3 Rs are also present in smaller amounts and both types of channel are present in many other types of mammalian cell (reviewed in [6±8]). RyRs and InsP 3 Rs are distantly related, and share some structural properties. In particular, both are tetramers constructed from identical subunits (or homologous isoforms for some InsP 3 Rs) of unusually large size, < 290 kDa for InsP 3 Rs and < 550 kDa for RyRs; in fact, they are the largest ion-channel proteins known. It is not clear why RyRs have such unusually high molecular masses (2.3 MDa for the holoreceptor). A clue is perhaps provided by the regulatory activity of numerous endogenous modulatory ligands, both small molecules and macromolecules. Examples of known and putative small-molecule modulators of RyRs include ATP, calcium, magnesium, cyclic ADP ribose, and nitric oxide (reviewed in [9] ). Calcium is of particular note because of its likely role in activating calcium release from the SR during excitation/contraction coupling in cardiac muscle, and in propagating release after initiation by sarcolemmal/ T-tubule depolarization in cardiac and skeletal muscle. Interestingly, millimolar and higher calcium concentrations deactivate skeletal channel activity, indicating at least two modulatory sites for calcium per receptor subunit. The inhibitory site probably plays a role in terminating calcium release.
Among the macromolecular modulators of skeletal and cardiac RyRs are calmodulin (one to four sites per RyR subunit), a 12-kDa FK506-binding protein (FKBP, one site per subunit), and the above-mentioned L-type voltage-sensitive calcium channel in the T-tubule [10] . Many of the RyR protein ligands are probably resident components of the excitation/ contraction coupling apparatus. For example, the role of FKBP may be to mediate interactions between RyRs, enabling them to form small arrays at triad/dyad junctions [11] . Such multiprotein complexes represent the functional unit of excitation/ contraction coupling, and the ultimate goal for structural biologists will be to determine the composition and 3D architecture in sufficient detail to elucidate the mechanisms of this coupling.
Although the physiological properties of RyRs have been studied extensively, structure/function correlations for such large integral membrane proteins present experimental challenges. Analyses of the sequences of the three RyR isoforms [RyR1 (`skeletal'), RyR2 (`cardiac'), RyR3 (`brain')] have provided few definitive functional insights [12] . General agreement exists that the transmembrane segments, the number of which is disputed, lie in the C-terminal < 1/5 of the sequence and that the N-terminal 4/5 lies in the cytoplasm (Fig. 2) . Many of the ligand-binding sites of the RyR are located in the cytoplasmic region, which probably accounts for its large size. Beyond this, only tentative assignments can be made for the numerous regulatory and protein±protein interaction sites that are ostensibly present. Some assignments of functional activities to specific sequences within RyRs have been proposed, based on properties of cloned segments of the receptor (e.g. see Fig. 3 ) and on the effects of sequence-specific antibodies on receptor properties (see the reviews cited above for details). However, the pace of research in relating the sequence to function has recently accelerated with the development of expression systems that allow biophysical characterization of genetically altered cloned receptors [13±17].
C a 2 1 -A T P A S E S T R U C T U R E
Both the RyR and Ca
21
-ATPase have been the subject of structural studies for more than a decade. X-ray-crystallographic studies have not yet been possible, because of difficulties in growing suitable crystals. Nevertheless, cryoelectron microscopy has been used to determine structures at ever increasing resolution, thus defining the molecular architecture and delineating the various domains associated with molecular function. In the case of Ca 21 -ATPase, 2D crystals can be induced by vanadate within the native SR membrane [18] ; these crystalline membranes tend to roll up to form hollow tubes with helical symmetry [19] . The conformation of Ca 21 -ATPase can be defined by the inhibitors that promote crystal growth [20] ; in particular, the requirement for EGTA and the stabilizing effect of thapsigargin indicate that Ca 21 -ATPase adopts the lowcalcium-affinity conformation known as E 2 . In contrast, a multilamellar crystal form grows in the presence of saturating calcium concentrations, which presumably stabilizes the highcalcium-affinity conformation known as E 1 . As mentioned, conformational changes are central to the coupling of ATP hydrolysis to calcium transport. In particular, the E 2 state has a low affinity for calcium ions from the lumenal side of the membrane and the nucleotide site is unreactive to ATP. In contrast, the E 1 state has a high affinity for calcium from the cytoplasm and ATP is readily used to phosphorylate the catalytic aspartate residue. Thus, comparing structures of the pumps in these various conformations will help to define the mechanisms of energy coupling.
At present, the E 2 state is represented by a 3D structure of Ca 21 -ATPase [21] and the E 1 state is represented by a projection structure of Ca 21 -ATPase [22] and by a 3D structure of H 1 -ATPase from Neurospora [23] , all at < 8 A Ê resolution. Although the H 1 -ATPase is phylogenetically distant, its structure resembles that from Ca 21 -ATPase in important ways. In particular, both 3D structures define the arrangement of 10 transmembrane helices, and a detailed comparison [24] revealed that the transmembrane helices could be virtually superimposed. In contrast, the cytoplasmic domains were quite diverse and it was suggested that the gross differences in the cytoplasmic domain reflected the conformational change elicited by cation binding to the transmembrane helices, i.e. the E 2 to E 1 transition. This interpretation is consistent with a projection structure of Ca 21 -ATPase in the E 1 conformation, which more closely resembles the H 1 -ATPase than Ca 21 -ATPase in the E 2 conformation. Specifically, the cytoplasmic portion of Ca 21 -ATPase forms a compact head-like structure in the E 2 state, with the crystallization agent, decavanadate, holding several domains together (Fig. 1B) . In the E 1 state, the cytoplasmic nose hangs down nearer to the membrane, leaving a gap between the cytoplasmic domains (Fig. 1c) . Significantly, the site of CrATP has been localized to this gap, suggesting that these domain movements may be related to ATP binding and hydrolysis. This opening of the ATP site during the E 2 to E 1 transition is consistent with results from a variety of ATP site ligands on Ca 21 -ATPase, although inconsistent with similar studies on Na
A more detailed architecture for the cytoplasmic domains has been suggested by a homology between P-type pumps and L-2 haloacid dehalogenases, which indicate an a/b fold for the highly conserved sequences at the core of the ATP site of P-type ATPases [25] . According to this homology, this dehalogenase domain would be located directly above the`stalk' that connects cytoplasmic domains to the transmembrane helices (Fig. 1) . Interestingly, the cytoplasmic densities directly above this stalk are a conserved structural feature in Ca 21 -ATPase, H 1 -ATPase, and Na 1 /K 1 -ATPase; when the dehalogenase fold is fitted into the density map for Ca 21 -ATPase [26] , the ligandbinding site is positioned at the gap where CrATP was observed to bind [27] . The homology also suggests a large (240 residues) insert in one of the loops of the dehalogenase fold, which most likely occupies much of the remaining cytoplasmic densities (orange domains in Fig. 1 ), including the cytoplasmic nose. This insert is connected to the a/b fold by a flexible hinge, which could provide a pivot point for the observed movement of the cytoplasmic domains during the transition between E 2 and E 1 states. Indeed, a group of residues in the inserted domain of P-type ATPases are implicated in ATP binding, by either mutagenesis or chemical modification, supporting the idea that ATP is bound at the interface between the two domains [26] . The structural mechanism for coupling such domain movements to the calcium sites within the membrane is currently unclear, but more details should come from an X-ray crystal structure of Ca 21 -ATPase in the E 1 conformation, which was published shortly after this review was written [28] .
R y R S T R U C T U R E
No laboratory has reported ordered arrays of RyR suitable for structural analyses; thus, our knowledge of its structure has come mainly from electron microscopy of isolated detergentsolubilized receptors. Thus far, two laboratories have determined 3D reconstructions of RyRs at resolutions of < 30 A Ê from frozen-hydrated receptors [29±32]. As shown in Fig. 2 , the receptor comprises two major components: a larger multidomain assembly resembling a square prism, and a smaller baseplate' projecting from one face of this prism. The reconstruction is concordant with interpretations of the amino-acid sequence (Fig. 3) if we equate the larger component with the carboxy < 4/5 of the sequence, which has been assigned as cytoplasmic, and the smaller baseplate to the transmembrane N-terminal portion of the sequence. This assignment of cytoplasmic and transmembrane assemblies is almost certainly correct because it is supported by electron-microscopical images of skeletal muscle and SR (see References cited in [6] ). Furthermore, a number of ligands that are known to bind to cytoplasmic sites have been localized on the 3D structure to the cytoplasmic assembly (discussed below and in Fig. 2) . The cytoplasmic assembly is sometimes referred to as the`foot' region, a term that was applied to the structure based on its appearance in electron micrographs of sectioned muscle, and before its molecular identity was known.
The cytoplasmic assembly is composed of numerous distinct regions (Fig. 2) , which is somewhat surprising given the limited resolution of the reconstruction. These regions presumably correspond to independently folded domains or clusters of closely packed domains, and 10 such regions (labeled in Fig. 2 ) have been reproducibly resolved in reconstructions of not only skeletal RyR, but the other two isoforms as well [33, 34] . Apparently, the globular regions are rather loosely packed such that solvent occupies < 50% of the volume enclosed by the cytoplasmic assembly.
The dimensions of the transmembrane assembly are more consistent with predictions of 10 or more transmembrane segments, as opposed to those suggesting only four [32] . However, the transmembrane region of solubilized receptors contains an unknown amount of bound detergent micelles which, combined with the effects of limited resolution, could cause the mass of the transmembrane region to be overestimated. Thus, the precise number of transmembrane segments remains an unsettled issue.
Even at these relatively low resolutions, the structural changes that accompany switching of RyR between functional states can be detected. Serysheva et al. [29, 35] determined reconstructions of skeletal RyR in the presence of EGTA, which should favor the closed state of the receptor, and in the presence of either ryanodine or calcium/ATP which are expected to induce open states. Unexpectedly, not only were changes detected in the transmembrane regions between`open' and`closed' reconstructions, but also in the most distal regions of the cytoplasmic assembly, well over 100 A Ê from the membrane. In the reconstruction of the ryanodine-treated RyR, the entire transmembrane assembly appeared to be rotated by 48 about the receptor's fourfold symmetry axis relative to its orientation in the closed receptor. With calcium/ATP as activators, the rotation was not apparent, but a more subtle change in the relative orientations of the subunits in the transmembrane regions was seen. In the cytoplasmic assembly, the most striking change occurred in the so-called`clamps', the assemblages of domains (numbered 5±10 in Fig. 2 ) that form the corners. In particular, the relative dispositions of domains 6, 9 and 10 were altered. Independent support for global conformational changes had been reported by Ikemoto and colleagues [36] who employed a conformationally sensitive fluorescent probe that was attached to the cytoplasmic region of functional RyRs. Recently, our group has investigated the open and closed states of another RyR isoform (RyR3) by 3D cryoelectron microscopy, and similar changes to those described for the skeletal isoform have been found [34] .
The global nature of the conformational differences between open and closed states of the RyR probably has functional significance. The locations of three modulatory ligands (calmodulin, FKBP, and imperatoxin A) on the cytoplasmic assembly of RyR have been mapped (Fig. 2) . Imperatoxin A is thought to mimic one of the sites of interaction between the dihydropyridine receptor and RyR which, together with these other ligands, influences channel conductance. All three ligands bind at sites that are 100 A Ê or more from the presumed location of the transmembrane ion-conducting pore running down the center of the transmembrane region.
F U T U R E P R O S P E C T S
Given such large distances between cytoplasmic sites for ligands and the ion-transport pathways, both Ca 21 -ATPase and RyR are likely to rely on long-range allosteric interactions to couple the relevant domains. The current structures define the relative disposition of these domains and hint at the domain motions associated with protein function. For both molecules, higher resolution will allow refinement of the mechanisms for structurally coupling the domains. In the case of Ca 21 -ATPase, recent atomic structure of the E 1 conformation [28] should allow molecular modeling of the 8-A Ê structure for the E 2 conformation. The tubular crystals used for this 8-A Ê structure will also likely yield higher resolution, as recently demonstrated by the 4.6-A Ê structure for the nicotinic acetylcholine receptor [37] . In the case of RyR, significant improvement in resolution should be forthcoming using the`single particle' approach. Current image processing technology allows images of tens of thousands of individual receptors to be combined for the determination of 3D reconstructions [38] . These methods, when applied to rapidly frozen non-crystalline specimens imaged with the newest generation of field emission gun transmission electron microscopes, can produce resolutions of 10 A Ê or higher [39] , thereby revealing elements of secondary structure. Thus, by continuing our efforts, we hope to eventually reveal the structural mechanisms of excitation/contraction coupling, which will ultimately be generalized to include mechanisms of calcium signaling by related molecules.
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